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Abstract— Interference management and supporting quality of service (QoS) requirements are the principal challenges for the spectral resource allocation in orthogonal frequency division multiple access small cells networks. In this paper, we propose an algorithm for assigning physical resource block (PRB) with QoS constraints to omit interference among femtocells. We present our resource management method as an optimization problem where interference among femtocells is entirely avoided and multiple QoS are supported. The optimization problem imposes the fairness among different femtocells and maximizes the PRB efficiency. However, this problem is NP-complete, and thus, we propose a greedy algorithm for solving the problem. Simulation results show the throughput of the greedy algorithm is close to optimal solution of the optimization problem. Besides, the proposed algorithm improves the network throughput by over 30% − 50% in various simulation scenarios with different femtocells densities in comparison to previous methods. Moreover, simulations illustrate the rejection ratio for all classes of services is lower than 3%.



I. I NTRODUCTION Mobile applications demanding high-quality communications have enormously extended in recent years. A straightforward but extremely efficient way to improve the network capacity is using smaller cells. The femtocells networks introduced as a promising candidate in the next-generation wireless system to improve the radio resource reuse efficiency. Femto architecture is composed of Femtocell User Equipment (FUE), femtocell eNodeBs, and a Femtocell Management System (FMS). The femtocell eNodeBs can be used to cover dead zones or to reduce traffic loads from macrocells. With the large amount of traffic which is handled by femtocells, the coverage and capacity of macrocells can be enhanced in cellular networks. Despite this advantage, usage of femtocells has its own challenges. The main challenge is realizing efficient usage of radio resource to prevent interference among femtocells or between femtocells and macrocells. The main goals of the resource allocation process are eliminating interferences and optimizing the capacity of the network. Several methods were suggested to allocate spectral resources among femtocells. Tan et al. [1] proposed a graph coloring based dynamic sub-band allocation (GC-DSA) to avoid downlink interference. The implementation of cognitive femtocell base stations for resource allocation by using a gametheoretic scheme is proposed in [2]. A QoS-driven energy efficient power and sub-carrier allocation in green OFDMA networks is presented in [3]. The QoS-based Femtocell Re-



source Allocation (Q-FCRA) is proposed in [4] as a joint resource allocation and admission control method with considering QoS requirements. The Distributed Random Access (DRA) scheme is proposed by Sundaresan and Rangarajan [5]. The Developed Fractional Frequency Reuse (DFFR) algorithm is proposed in [6]. This method divides the coverage area of a macrocell in to 4 sections, a central area and 3 border areas for resource allocation. The Resource Allocation scheme of Femtocell-to Femtocell interference (RAFF) method for the spectral resource allocation with the goal of maximizing the resources reuse factor in every cluster is offered in [7]. The methods proposed in [5], and [6] assign fixed sub-channels to the femtocells, where a subchannel is composed of several PRBs within the same frequency band. If some of PRBs in a subchannel are not utilized, the remaining PRBs cannot be reused by other femtocells and they are wasted. In the RAFF method [7] all PRBs in a frame can be allocated flexibly instead of fixed sub-channel assignment. The PRB efficiency is improved in this method; however, some of the PRBs are regarded as unallowable PRBs while they can be used by other neighboring femtocells. We use these PRBs via difference of two defined interference matrices in our proposed method. In this paper, we investigate a complete radio resource allocation scheme in OFDMA femtocells networks, the major contributions include the following: 1) we propose an algorithm for spectral resource allocation among femtocells based on two defined interference matrices. We formulate this mechanism as a multi-step optimization problem. Based on this algorithm the resource efficiency is improved, and more FUEs can be served within the same amount of resources and some of PRBs can be reused although they are regarded as unallowable PRBs in RAFF method; 2) the co-channel and co-tiered interference can be avoided entirely; 3) the QoS requirements are guaranteed in the our suggested scheme; 4) a greedy algorithm is proposed to solve the proposed resource allocation optimization problem since this problem is a NPcomplete problem. The rest of this paper is organized as follows. In Section II, we present the system model and our assumptions. In Section III, we formulate the spectral resource allocation problem as a multi steps optimization problem with considering interference avoidance via its constraints. We offer a greedy-based algorithm in Section IV for solving the mentioned optimization problem. Besides, simulation results for evaluating the pro-



posed algorithm are presented in Section V. Finally, Section VI concludes this paper. II. S YSTEM M ODEL We assume a cellular network with femtocells deployed in the indoor areas, such as home or office. Femtocells are deployed in random places. Femtocells are clustered and members of a cluster are connected to a controller. The controller is called FMS which is a gateway toward the cellular network. We presume the neighboring femtocells belong to the same operator, and thus, they could be the cause of a heavy interference for each other. Moreover, we consider femtocells in different clusters do not interfere with each other. In this paper we assume that femtocells and macrocells use two disjoint groups of resources and they do not interfere with each other. Besides, we assume that the signal power of femtocells are equal, and thus, the coverage areas of them are identical. In our proposed method, the FMS is employed to allocate spectral resources in the downlink direction to avoid interference among femtocells by using global information about femtocells conditions. We define two types of messages carrying information about neighbors of femtocells. The difference of these messages is on their broadcasting ranges. Femtocells transmit the first type of neighbor-information message with a power quadruple as much as their regular power to overcome the hidden terminal problem when we consider the pathloss coefficient equal 2. Neighbor femtocells respond to this message in a fixed period of time. The femtocell collects feedback messages to discover its first type neighbor list. After this step, femtocells transmit the second type of neighbor information message with their regular power. Neighbor femtocells respond to this message in a fixed period of time again. The femtocell collects feedback messages to discover its second type neighbor list. Femtocells need to update their neighbor information after a fixed period of time to consider the network variations. The conventional radio resource management methods usually consider the achievable rate without QoS constraints. In our proposed mechanism, the QoS constraints are satisfied by assigning the sufficient PRBs to each connection. We consider nine different QoS with various requirements. QoS Class Identifiers (QCI) are different in terms of guaranteed packet delay budget, priority, packet error loss rate and type of service. In Guarantee Bit Rate (GBR) categories, the required bandwidth is reserved, and thus, the allocated number of PRBs should be equal to the requested PRBs. QCIs 1 − 4 are catagorized as GBR. The remaining QCIs 5 − 9 are non-GBR, which accept insufficient PRBs. Best effort services such as Email, file downloads and Internet browsing belong to this category. The femtocells are assumed to operate based on OFDMA technology. Thus, the requirements for PRB numbers are determined based on data rates which are predefined in 3GPP LTE specifications. The channels conditions affect on the rate of users in PRBs. Channel condition is determined by Channel Quality Indicator (CQI) numbers. The CQI is generally used for choosing the correct modulation and coding. There are 16 different levels of CQI in 3GPP-LTE. The standard uses



different modulations and codings for different CQIs [8]. More advanced modulations and simpler codings are used in higher CQI levels because of better channel conditions. Hence, the spectrum efficiencies in these CQIs are high. On the other hand, more complex codings and simpler modulation schemes are used in lower CQI levels for overcoming the bad channel conditions, and thus, spectrum efficiencies in these CQIs are low. III. P ROBLEM M ODELING OF R ESOURCE A LLOCATION We define the optimization problem aims to maximize the PRBs spectral efficiency by allocating resources to different cells under the constraints of QCI requirements and spectrum utilization. Moreover, the allocation method should avoid cochannel interferences. To model the problem, we define a femtocell cluster as graphs G1 (V, L1 ) and G2 (V, L2 ), where V represents the set of femtocells. Moreover, L1 is the set of first order interfered links among neighboring femtocells and L2 is the set of second order interfered links among neighboring femtocells. The L1 and L2 links are determined based on the first and second type of neighbor information messages, respectively. It can easily be verified that (L1 ∩ L2 = L2 ) and (L1 ∪ L2 = L1 ). Let Ve = {f1 , f2 , . . . , fM e } be the set of femtocells in cluster e and U (fm ) = {um1 , um2 , . . . , umNm } be the set of users in femtocell fm , where the number of femtocells in cluster e is |Ve | = Me and the number of users in every femtocell is |U (fm )| = Nm . Let the first order interference link aij between femtocells fi and fj be defined by ( 1, if (fi , fj ) ∈ L1 , aij = (1) 0, otherwise. The first interference matrix A is formed by these aij arrays. Furthermore, let the second order interference link bij between femtocells fi and fj be defined by ( 1, if (fi , fj ) ∈ L2 , bij = (2) 0, otherwise. The second interference matrix B is formed by these bij arrays. We consider a resource frame with t time slots and f sub carriers. In addition, P = {P1 , P2 , · · · , PQ } is defined as the set of PRBs in every frame. The number of PRBs per frame is denoted as |P | = t × f = Q. For describing the assignment of the PRB Pq , we define the following indicator: ( 1, if Pq is allocated to femtocell m, x emq = (3) 0, otherwise. Thus, we can depict allocated resources of femtocell m as  fm = x em,1 , x em,2 , · · · , x em,Q . Moreover, we define X the first of the cluster as   allocation matrix for femtocells T T T f , X f , ··· ,X f X = X , where (·)T is the trans1 2 M pose operation. In addition, the PRB achievable rate is defined for every femtocell according to its received SINR in each PRB as r m =  rm1 , rm2 , · · · , rmQ , where rmq is the achievable rate



of femtocell m in PRB q. Although we need to know the accessible rate of each user in each PRB for resource allocation; however, we approximate the user channel condition by channel condition of its eNodeB to avoid receiving a large amount of feedbacks from users. Therefore, we can describe the achievable rate of the femtocell of the cluster as R = r 1 T , r 2 T , ..., r M T . The rate requirement of every femtocell is sum of rates requirement of its users. Since the QoS of different QCIs are different, we should separate rates requirement of different QCIs. Thus, we define the rate requirement of the femtocell m in the QCI x as X αxm = rexn , (4) n∈Uf m



where rexn is the rate requirement of the user umn of femtocell fm with the QCI x. Since QCIs 1 − 4 are GBR services, we should provide the PRBs requirement of these classes of service at first, and then, assign the PRBs requirement of other classes of service. Thus, we define two distinct coefficients for every femtocell which describe their rates requirement in terms of GBR and non-GBR classes of service, i.e., αm =



4 X



αxm , βm =



9 X



αxm .



(5)



PQ subject to aij k=1 x eik x ejk = 0, where G = X − X opt . Note that X opt is the optimal solution of (6). After allocating all of resources to different cells according to their requirements, we sometimes need more resources to provide residual requirements. In this case, we repeat the defined optimization problem based on the second order interference matrix. Two different scenarios occur in this situation. In the first scenario, the user of one of the cells is in the common area and it is affected by the interference of another cell. Thus, the second femtocell should not reuse allocated resources to the user of the first femtocell which is located in common area. In the second scenario, there is no user in the common region. Thus, femtocells can reuse resource of each other without causing inter-cell interference. Therefore, to understand whether there is a user of other femtocells in the common area or not, the femtocells cooperate with their neighbors. For this purpose, every femtocell receives feedbacks from its users, periodically. If the CQI level of its users are low in a main PRB, the femtocell sends a feedback to their neighboring femtocells to stop assigning this PRB to their users. Thus, the interfering neighbors stop using this PRB and assign a new PRB in the next resource allocation period to their user. Therefore, we can formulate the third step of our resource allocation method as the following optimization problem:
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x=1



Our objective is to maximize the PRBs efficiency and to provide sufficient resources for different femtocells. Our priority in resource allocation is GBR services. Thus, first we assign resources to different femtocells according to their GBR services. The femtocells contribution to take spectral resources is determined based on their GBR services. In this process, we consider the spectrum efficiency by allocating PRBs to femtocells with a higher QCI. Therefore, we can formulate our problem in the first step as X opt = argmin X



M X



fy ry T | , |αy − X



(6)
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PQ eik x ejk = 0, where X was defined before. subject to aij k=1 x When the phrase inside the summation in (6) is minimized, the resources are assigned to the femtocells with higher contributions. When femtocells have equal contributions, PRBs are assigned to the femtocells with higher QCIs. The constraint expresses that when two femtocells interfere with each other, they cannot use common resources. When the requirements of GBR services are provided, we assign resources to the femtocells according to their non-GBR needs in the second step. Thus, the femtocells contribution to take resources is determined based on their non-GBR services. Therefore, we can formulate our problem in the second step by the following equation: Gopt = argmin G
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(7)



Z opt = argmin Z
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PQ PQ subject to cij k=1 x eik zejk = 0 and aij k=1 zeik zejk = 0, where cij = 1 − (aij − bij ). The first constraint means resources which were assigned in the two privious steps, can be reallocated to a special group of femtocells. These femtocells were identified as the cause of interference based on the first order interference matrix. However, they do not make interference according to the second order interference matrix. The second constraint expresses that resources should not be used by two distinct femtocells in the third step, if these femtocells are the cause of interference for each other according to the first order interference matrix. Solving the optimization problems in (6)-(8) incurs huge computational complexities. These problems are Integer Linear Programing (ILP), thus, they are NP-complete problems. Finding the general optimal solution often requires brute-force search and suffers from huge computational complexity. Therefore, we propose a suboptimal solution through a greedy method in the next section. IV. P ROPOSED G REEDY A PPROACH FOR R ESOURCE A LLOCATION AMONG F EMTOCELLS In this section, we propose a greedy algorithm as a suboptimal solution for the resource allocation problem expressed in the previous section. When users send a request of a connection to a femtocell, the femtocell processes and delivers this information to the FMS. The user’s request displays the QCI of the traffic and the QoS requirements according to



Fig. 1.



Flowchart of the proposed greedy method.



the LTE specifications, such as GBR, data rate, delay, and the requested number of PRBs. When the FMS receives a request of a connection, it is put in the serving queue with the first in first out buffers. The waiting time of every request is constantly checked to observe the delay constraint of the QCI. If the waiting time is higher than the time constraint, the request will be dropped. Otherwise, the request is served by the resource allocation method which is expressed by the flowchart of Fig. 1. The FMS collects the first and second order neighboring lists of the requesting femtocell in the beginning of the resource allocation process. Then, the FMS gathers some information about PRBs, including the number of main PRBs and their efficiency. Note that main PRBs are allocated to every femtocell according to the first order interference matrix. Moreover, the FMS gathers information about reserved PRBs and their efficiency. The reserved PRBs are assigned to the femtocells based on differences between the first and second order interference matrices. These PRBs can be reused by considering special conditions. In the next step, the FMS checks the main PRBs and if these resources can support all of connections, it assigns the main PRBs to the request of every connection. For increasing PRBs efficiency, the FMS uses the PRBs with the highest efficiency for every connection. If the main PRBs are not enough for supporting connections, the type of service is considered to allocate the main PRBs to the different connections. When the connection is GBR, the FMS allocates the main PRBs according to the number of resources needed to satisfy the demand of the connection. On the other hand, if the connection is non-GBR and the required resources of the GBR connections are satisfied, the FMS assigns residual PRBs to the non-GBR connections according to the efficiency of every PRB for every connection. If the residual of the main PRBs are not sufficient to satisfy the demand of nonGBR connections, the FMS allocates the reserved PRBs by



considering the following conditions. When a reserved PRB is assigned to a femtocell, the femtocell should consider that using this PRB can interfere to the main PRBs of its second order neighbors. Thus, the femtocells should assign every reserved resource to the user that is far enough from the interfering femtocell. The femtocells can check condition of their users in effect of the second order neighbors by using the feedbacks of users in every PRB. The reserved PRBs which can be used by femtocells are called available reserved PRBs. If all of the main and available reserved resources cannot satisfy requirements of GBR or non-GBR connections, the FMS puts the residual requests of the connection in the queue to be waited until the next resource allocation process. V. S IMULATION R ESULTS We evaluate the performance of our proposed method by the system parameters which are listed in Table I. We generate traffics corresponding to different applications in the mobile networks. The ratio of every QCI is in accordance with the application statistics. Besides, we use a lognormal distribution with considering path loss and shadowing effect for modeling users’ channel variation. We assume the path loss coefficient of 2. Besides, we suppose the shadowing effect as a random variable with a zero mean normal distribution with variance of 8. We compare our proposed greedy method with the RAFF, DFFR, and DRA schemes with respect to the average throughput of every femtocell, connection rejection rate of various QCIs. We compare the performance of our method with other schemes in different scenarios with various densities for ensuring its better performance. The interference among femtocells is stronger in denser scenarios. We define the density parameter of femtocells as T =



M M 1 XX aij , M i=1 j=1



(9)



TABLE I S IMULATION PARAMETERS
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Fig. 3. Rejection ratio of different QCIs connections for the RAFF, DRA, DFFR and the proposed greedy method.



GBR connections under 3%. This outstanding improvement is contributed by the fact that the proposed method provides all of requirements of the GBR services by the main PRBs. Moreover, it attempts to provide requirements of the other services by residual of the main PRBs and the reserved PRBs.
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Fig. 2. Average throughput of each femtocel under different network densities for the RAFF, DRA, DFFR and proposed greedy method in comparison to optimal throughput.



where aij is defined in (1). This coefficient depicts the average number of neighbours for femtocells. Thus, the larger value of this parameter means that the network is denser. When the average number of neighbors of femtocells is lower than 1, the assigned PRBs are not limited by the interference and resources are still enough to provide services. Hence, the average throughputs of the proposed greedy method and other methods are similar, approximately. However, when the average number of neighbors is sufficiently more than 1, the efficiency of our greedy algorithm is more than other methods and it is close to optimal solution of optimization problems in (6)- (8). The resources allocated by the RAFF, DFFR and DRA are limited by the size of the resource frame; however, our algorithm provides the reserved PRBs in this situation. Besides, our greedy method attempts to allocate every PRB to the best femtocell to improve throughput. Therefore, the proposed method achieves 30% -50% improvement in the average throughput in comparison to the other algorithms. Fig. 2 displays the average throughput of every femtocell in the different scenarios. This figure reflects the higher performance of our proposed method in comparison to the RAFF, DFFR and DRA methods in denser scenarios. Besides, the average throughput of our method is close to optimal solution. The rejection ratios of the connections of nine QCIs are displayed in Fig. 3. In comparison to the DRA, DFFR and RAFF approaches, the proposed method keeps the rejection ratios of the GBR connections zero and the rejection ratios of the non-
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